INTRODUCTION
Huntington's disease (HD) is an autosomal dominant late-onset progressive neurodegenerative disorder (1) . Onset is generally in mid-life, and patients develop psychiatric disturbances, impairment of motor coordination, including involuntary choreic movements, and later bradykinesia and cognitive decline. It is a devastating disorder for which the duration is 15-20 years, and there is no effective therapy. The HD mutation is an expanded CAG/polyglutamine (polyQ) repeat. Unaffected individuals have (CAG) 6 -35 repeats; (CAG) 36 -39 show incomplete penetrance, whereas repeats of 40 and more will always cause disease within a normal lifespan. CAG repeats of 60 and above cause the childhood or adolescent form of the disease. Neuropathologically, the disease is characterized by neuronal cell loss in the striatum, cortex and other brain regions, and recent neuroimaging studies suggest that a more generalized brain atrophy occurs in the early stages of disease (2) . Polyglutamine aggregates have been detected within the nucleus and cytoplasm (3, 4) .
The R6/2 mouse expresses exon 1 of the human HD gene with more than 150 CAG repeats (5) . It has a rapid and reproducible phenotype progression that recapitulates many features of the human disease. Motor and cognitive abnormalities can be detected before 6 weeks of age (6, 7) , and mice are rarely kept beyond 15 weeks. Polyglutamine aggregates are clearly apparent in some brain regions from 3 to 4 weeks of age (8, 9) and have been described at even earlier stages (10) , and striatal cell loss has been documented at later stages (10) . This suggests that the mouse phenotype is predominantly caused by neuronal dysfunction. In addition, phenotypes identified in the R6/2 mouse have subsequently been shown to be present in the human disease. These include the down-regulation of neurotransmitter receptors (11, 12) , the loss of orexin neurons in the hypothalamus (13) and muscle pathology (14) .
Multiple mechanisms have been proposed to account for the neuronal dysfunction caused by mutant huntingtin. For example, similar mitochondrial abnormalities and evidence of oxidative damage have been reported in patient (15) and R6/2 brains (16) . Strikingly, heat-shock proteins (Hsps) have been shown to be protective in many of the pathways that are implicated in HD, including native and non-native protein folding, cytoprotection from various stresses such as oxidative stress and modulation of cell death and survival pathways. Hence, chaperones comprise eligible candidates for neuroprotection in HD (17, 18) and their potential has been evaluated in in vitro (19) , yeast (20) , Caenorhabditis elegans (21), Drosophila (22, 23) , mammalian cells (24 -27) and in vivo models of HD (28) (29) (30) (31) , with varying degrees of success. For instance, Hsp70 mice were crossed to R6/2, resulting in only modest effects on disease progression (29) or no alteration of the phenotype apart from a delay in aggregate formation by a week (28) . More recently, yeast Hsp104 transgenic mice were crossed with N171-82Q mice (31) , but again there was no amelioration of the disease phenotype (weight loss, motor impairment), apart from aggregate reduction in the piriform cortex and increased survival.
In an elegant study by Wyttenbach et al. (27) , transient overexpression of Hsp27 was shown to suppress polyQmediated cell death in an in vitro cellular model of HD. Mutant huntingtin caused increased levels of reactive oxygen species (ROS) in both neuronal and non-neuronal cells, leading to cell death. Overexpression of Hsp27 significantly reduced ROS content, suggesting that Hsp27 strongly protects cells against oxidative stress. This protection was regulated by the phosphorylation status of Hsp27 and was independent of its ability to bind to cytochrome c. Notably, and in contrast to Hsp40 and Hsp70, Hsp27 suppressed polyQ death but not polyQ aggregation.
There are many studies that have detected oxidative stress and mitochondrial impairment in HD (32 -34) . In particular, increased oxidative damage of DNA has been identified in the caudate and frontal cortex of HD post-mortem brains (35) , reduced complex II/III activity in the putamen and caudate nucleus and complex IV activity in the putamen (15,35 -37) . HD muscle biopsies have reduced complex I activity in some patients (38) , but no such alterations in oxidative phosphorylation activities were detected in HD platelets or fibroblasts (15, 37) . Mitochondrial aconitase activity was greatly decreased in patients' caudate (92% reduction), cerebral cortex (48% reduction) and putamen (73% reduction), but not in the cerebellum (15) . Evidence for mitochondrial dysfunction, free radical damage (16, 39) and increased oxidative DNA damage (40) have also been reported in the R6/ 2 mouse.
In this study, we asked whether global overexpression of Hsp27 in R6/2 mice could ameliorate the well-established R6/2 phenotype and alter aspects of the disease pathology at the biochemical level in vivo. In contrast to the in vitro work, our results indicated that constitutive ubiquitous Hsp27 overexpression does not modify the disease progression or biochemical markers in vivo. Native protein gel analysis suggests that the stress accompanying chronic neurodegeneration fails to activate the overexpressed transgenic Hsp27 in the mouse. We suggest that inducible systems are required to properly test the therapeutic potential of chaperone induction in a mammalian system.
RESULTS
The Hsp27 transgenic mice (tgHsp27) express human Hsp27 under the control of the chicken-b-actin promoter and have been described previously (41) . They have been used to show that Hsp27 overexpression is neuroprotective against kainate-induced neuronal loss in a model of epilepsy (41) , cytoprotective in the mouse heart against ischaemia reperfusion injury (42) and protects motor neurons in a model of nerve injury in which Hsp27 also preserves muscle function (43) . We set out to use this model to determine whether overexpression of Hsp27 might also be protective in the R6/2 mouse model of HD. TgHsp27 line 18 was chosen for this purpose, because it had been shown to express Hsp27 in neuronal cell bodies throughout the brain, particularly in the hippocampus, cerebral cortex, cerebellum, striatum, thalamus and subventricular nuclei, as well as in fibrous networks and glial cells (41) .
Overexpression of Hsp27 does not modify the R6/2 behavioural phenotype
We have previously established a set of quantitative tests with which to monitor the progressive behavioural phenotype in the R6/2 mice (44, 45) . To generate mice for this analysis, male R6/2 mice were bred with female tgHsp27 mice to produce 15 female mice from each genotype (R6/2, Hsp27, R6/2xHsp27 double transgenics and wild-type), which were born over a period of 2 days. The CAG repeat size was well matched: 220 + 0.6 for the R6/2 mice and 217 + 1.8 for the double transgenics. Weight gain, RotaRod performance, grip strength and exploratory activity were monitored at the same day/time of the week from weeks 4 to 15, when the experiment was terminated.
Mice were weighed weekly, except during the weeks of RotaRod trials when they were weighed on the first and last days of RotaRod assessment. As expected, R6/2 mice lost weight from 90 days when compared with wild-type (wt) animals ( Fig. 1A) (F (4, 214) ¼ 18.04, P , 0.001). There was no difference in the rate of weight gain between tgHsp27 and wt mice (F (4, 214) ¼ 1.70, P ¼ 0.16). Hsp27 overexpression did not attenuate the R6/2 weight loss as they grew older (F (4, 214) ¼ 0.40, P ¼ 0.8), and double transgenics are not significantly different from R6/2 with respect to weight gain (F (1,56) ¼ 1.65, P ¼ 0.2). Therefore, overexpression of Hsp27 does not improve weight loss in the R6/2 mice.
RotaRod performance is a sensitive indicator of balance and motor coordination, which has been repeatedly shown to decline in R6/2 mice. Using this test, R6/2 and double transgenic mice perform similarly over time, whereas the performance of Hsp27 mice is equivalent to wt mice (Fig. 1B) . Consistent with previous results, there was a significant difference in RotaRod performance between R6/2 and wt mice over time (F (3, 153) ¼ 33, P , 0.001). However, there is no difference between double transgenics and R6/2 performance over time (F (3, 153) ¼ 0.53, P ¼ 0.65) or with respect to genotype (F (1, 550) 
Forelimb grip strength was also assessed weekly from week 4 to week 15 (Fig. 1C) . R6/2 performed significantly worse than wt over the time (F (6, 312) ¼ 18.5, P , 0.001), whereas tgHsp27 mice had a grip strength comparable to wt over the course of the experiment (F (6, 312) ¼ 0.7, P ¼ 0.64). Overexpression of Hsp27 did not improve R6/2 grip strength, as the double transgenics performed similarly when compared with R6/2 both with respect to time (F (6, 312) ¼ 0.5, P ¼ 0.8) and genotype (F (1, 56) 
Exploratory activity was also assessed weekly from week 4 to week 15 as described previously (45) and analysed by repeated measures general linear model (GLM) ANOVA at each time point. Mice were assessed for a period of 60 min for total activity, mobility, rearing and centre rearing (Fig. 2 , examples given for weeks 6 and 13) and P-values obtained are summarized in Table 1 . As seen in Fig. 2 , mice of all genotypes exhibit most activity during the first few minutes of the assessment period, which then decreased dramatically over the hour (time). R6/2 mice show a progressive hypoactivity relative to wt mice ( Fig. 2 and Table 1 : R6/2) and a progressive change in the pattern of activity (note the slope of the curve in Fig. 2 ) when compared with wt mice (R6/ 2 Â time). TgHsp27 mice display an overall hypoactivity relative to wt mice (tgHsp27), but in this case, the pattern of the activity is not altered (tgHsp27 Â time). There was no overall improvement in R6/2 hypoactivity by overexpression of Hsp27 (R6/2 Â tgHSp27) and neither was the R6/2 pattern of hypoactivity changed (R6/2 Â tgHsp27 Â time). Therefore, the decrease in the activity of the double transgenic mice when compared with R6/2 mice over the course of the experiment (Fig. 2) is the consequence of an additive effect and not a genotype interaction. In summary, tgHsp27 mice display an overall hypoactivity when compared with wt mice, and overexpression of Hsp27 does not improve R6/2 hypoactivity.
The R6/2 transgene does not alter Hsp27 protein levels in the double transgenic mice Transcriptional dysregulation is a well-described aspect of the HD pathogenesis in both the R6/2 mouse model (46, 47) and HD patient brains (48) . In order to ensure that the Hsp27 transgene had not been down-regulated in the double transgenic mice, we measured the levels of Hsp27 and endogenous Hsp25 in all four genotypes. Western blotting was performed on week 15 brains (four males and four females per genotype). This confirmed that there was no difference in the level of the Hsp27 protein in the double transgenic mice at the termination of the experiment (Fig. 3A) . For quantification purposes, an antibody that was raised against mouse Hsp25 and also recognizes human Hsp27 was used and the blots were analysed using a phosphorimager. Levels of Hsp27 were determined in relation to the endogenous mouse Hsp25, which was expressed at the same level in all four genotypes. Hsp27 expression was~12-fold higher than Hsp25 (Fig. 3B ), but there were small variations in Hsp27 expression level between animals (Fig. 3B ). Western blots using enhanced chemiluminescence as a detection method, instead of a fluorescent secondary antibody, showed similar high expression levels (data not shown).
Hsp27 overexpression does not ameliorate markers of oxidative stress in R6/2 mouse brains As overexpression of Hsp27 had reduced levels of oxidative stress in a cell culture model of HD (27), we next determined whether Hsp27 might have had a similar effect in the double transgenic mouse brains. Loss in mitochondrial aconitase activity is used as a biomarker of oxidative damage due to the susceptibility of the enzyme's [4Fe-4S] 2þ cluster to oxidative damage by peroxynitrite and superoxide radicals and had been previously shown to be decreased in the striata from R6/2 mice at 12 weeks of age (16) . Therefore, this enzyme activity was measured in the striata of wt, R6/2, tgHsp27 and double transgenic mice at 15 weeks of age upon termination of the behavioural experiments (n ¼ 15 per genotype). This confirmed that the activity of mitochondrial aconitase is decreased in the R6/2 striatum when compared with wt (P ¼ 0.013) and determined that it is also decreased in the striata of the double transgenic mice (P ¼ 0.003) (Fig. 4A ). There was no improvement in aconitase activity in the double transgenics when compared with R6/2 (P ¼ 0.2).
To further investigate the potential of Hsp27 to modulate oxidative stress in vivo, we used Oxyblots to determine first, whether protein carbonylation levels were altered in R6/2 brains when compared with wt at 8 and 13 weeks of age and secondly, whether this could be attenuated by Hsp27 overexpression. Carbonyl groups are introduced into proteins by oxidative reactions of nitrogen oxides or by metal-catalysed oxidation in the tissue and have been measured using Oxyblots in various studies (49 -51 ). An antibody against 2,4--dinitrophenylhydrazone (DNP-hydrazone) was used to detect protein carbonyls, which were derivatized in the samples by reaction with 2,4-dinitrophenylhydrazine prior to polyacrylamide gel electrophoresis and immunobloting (Fig. 4B ). The molecular weight protein standard also served as a positive control for DNP-hydrazone detection, since it was composed of five different proteins with DNP residues. Lane 2 contains a non-derivatized protein sample of R6/2 brain, which served as a negative control (Fig. 4B ). Figure 4 also illustrates the change in protein carbonyls relative to wt levels in brains from 8-week-old (n ¼ 4) (Fig. 4C ) and 13-week-old (n ¼ 6) mice (Fig. 4D ). There is a significant 2-fold difference in protein carbonyls between R6/2 and wt brain at 13 weeks of age (P , 0.01), but there is no difference at 8 weeks. However, at 13 weeks, there is no significant difference in protein carbonyl levels when comparing double transgenics to R6/2 (P , 0.01). Carbonyl levels in double transgenics are also~2-fold higher than the levels in wt or tgHsp27 mice (Fig. 4D) . Therefore, overexpression of Hsp27 has not suppressed the oxidative damage caused by the ROS Figure 2 . The progressive hypoactivity and abnormal exploratory behaviour of the R6/2 mice is not improved by Hsp27 overexpression. Four measures of the exploratory activity of the mice were analysed weekly between week 4 and week 15. Representative graphs display 5 min moving averages and show total activity, mobility, rearing and centre rearing at weeks 6 and 13. Mice of all genotypes are most active when first placed in the activity cage, and this decreases over the 60 min assessment period. At 6 weeks of age, R6/2 mice already show a significant difference when compared with wt with respect to overall activity and the pattern of activity (slope of the graph) ( Table 1: R6/2 ). TgHsp27 mice also shows an overall hypoactivity by this age (Table 1 : TgHsp27), but the temporal pattern of this remains unaltered (Table 1 : TgHsp27 Â time). At 6 weeks, the double transgenic mice are hypoactive with respect to R6/2. This effect is additive, and there is no synergistic interaction between R6/2 and Hsp27 either overall or with time ( Table 1) . The phenotype progresses with the age of the mice, and at 13 weeks of age, the effects observed at 6 weeks are exacerbated. By 13 weeks, R6/2 and the double transgenic mice are displaying similar levels of hypoactivity; n ¼ 15 mice per genotype.
in R6/2 brains, as measured by mitochondrial aconitase activity in the striatum or by protein carbonylation levels in brain.
Inclusion body formation is not influenced by Hsp27 overexpression in the brain of 3-week-old mice
Hsp27 overexpression did not modulate aggregate formation in the in vitro HD model (27) and, therefore, we did not expect aggregate formation to be modified in the double transgenic mice. However, overexpression of Hsp27 has been reported to assist in proteasome degradation in some paradigms (52, 53) and to be a molecular chaperone without an ATPase activity, which is able to prevent inappropriate folding of proteins by maintaining its substrate in a foldingcompetent state (54) . Recent studies in yeast showed that a related protein Hsp26 participates in a pathway which, with the action of Hsp104, can disaggregate already aggregated proteins (55, 56) . Therefore, we performed immunohistochemistry to assess whether in vivo expression of Hsp27 might have delayed the formation of aggregates in the R6/2 brain. We chose an early time point (3 weeks of age) at which aggregates are already present in a number of brain regions (8, 57) to enable us to detect differences in inclusion formation. Multiple coronal sections of R6/2 and double transgenic mice were stained with the S830 N-terminal huntingtin antibody. No differences in the appearance of aggregates were noted in the hippocampus (CA1) or the striatum, between R6/2 and double transgenic mice (n ¼ 3 per genotype). Therefore, Hsp27 has no effect in ameliorating R6/2 inclusion formation in brain of 3-week-old mice (Fig. 5) .
Overexpressed Hsp27 can be activated by heat shock but remains inactive in the R6/2 3 tgHsp27 double transgenic mice Overall, we found that high levels of Hsp27 overexpression in R6/2 mice did not alleviate the disease phenotype. To further understand the lack of a phenotypic improvement or reduction in ROS damage, we performed native protein gel analysis to test whether in the brains of the double transgenic mice, Hsp27 exists in the active conformation known to suppress ROS formation (58, 59) . Hsp27 has dynamic quaternary structure and forms either small oligomers or large complexes with non-native proteins dependent on the phosphorylation status of the protein, the physiological and developmental state of the cell and the presence of stress. Notably, large Hsp27 oligomers have an ATP-independent chaperone activity in vitro, absorbing heat denatured proteins onto their surface, preventing their aggregation and keeping them in a folding-competent state (59) . Only large oligomers have the capacity to decrease ROS content in vitro and in vivo (58, 59) , and nonphosphorylatable mutant Hsp27 (which usually forms large oligomers) has been shown to protect against cell death in vitro (27, 59 ) and ischemia/reperfusion injury in vivo (60). Brain lysates from tgHsp27 and double transgenic mice aged 13 weeks contained only a small amount of large Hsp27 complexes, whereas the majority of the protein existed as small oligomers (the conformation devoid of chaperone activity) (Fig. 6A) . Upon heat treatment (indicated by þ), Hsp27 in the brain lysates rearranges into large complexes retained in the wells of the gel, indicating that it is capable of activation into the form that is known to protect from oxidative stress. This activation is dependent on the presence of heat misfolded protein substrates (Fig. 6B) . As phosphorylation of Hsp27 decreases the formation of large oligomeric structures (58,59), we used Hsp27 phosphorylation-specific antibodies (to serines 15, 78 and 82) to determine whether Hsp27 is phosphorylated in the double transgenic mouse brains. We were unable to detect any evidence of phosphorylation at these sites (data not shown) and therefore conclude that Hsp27 is not inactivated by phosphorylation. Next, we attempted to determine whether Hsp27 co-localizes with the aggregationprone mutant N-terminal huntingtin, which might be expected to be a substrate of Hsp27. However, under native gel conditions, we were not able to immunodetect the R6/2 transgene with either the S830 or 1C2 antibodies, which are routinely used to detect mutant N-terminal huntingtin in denaturing gels. Therefore, we performed co-localization and co-immunoprecipitation experiments to resolve this issue. Confocal microscopy indicated that Hsp27 does not co-localize with polyQ aggregates in the brains of double transgenic mice aged 8 weeks, as detected by the EM48 anti-huntingtin antibody or ubiquitin (data not shown). In addition, co-immunoprecipitation experiments with the S830 anti-huntingtin antibody or with Hsp27 failed to detect an interaction between Hsp27 and the exon 1 mutant huntingtin protein, although Hsp27 was co-immunoprecipitated with endogenous mouse huntingtin (Fig. 7 ). An interaction between wt huntingtin and Hsp27 has not previously been reported (61), but both proteins have roles in actin cytoskeleton organization (62, 63) . In summary, we have shown that Hsp27 in double transgenic mouse brains exists in a form which is considered to be inactive (low molecular weight oligomers), even though Hsp27 is functional when subjected to a physiological stress such as heat shock.
DISCUSSION
Overexpression of Hsp27 in a cell-based model of HD has been previously shown to suppress polyQ-mediated ROS formation and cell death (27) . As ROS formation and oxidative stress are well-described features of HD (15,32,35 -38,64,65) and of the R6/1 (66) and R6/2 (16,39,40) HD mouse models, we set out to determine whether overexpression of Hsp27 might prove beneficial in the R6/2 mice. Expression of Hsp27 at~12-fold of the endogenous Hsp25 levels failed to improve the phenotype of the R6/2 mice, as assessed by weight gain, RotaRod performance, activity monitoring and grip strength. We found no suppression of oxidative damage, as judged by striatal aconitase activity or protein carbonylation; therefore, Hsp27 had not protected against detectable oxidative damage in the absence of a phenotypic improvement. Using native protein gels, we found that Hsp27 had not been activated into large oligomeric complexes at an age at which ROS damage is apparent in R6/2 mouse brains. Therefore, we suggest that the Hsp27 transprotein fails to modify the R6/2 pathology because it is not activated in this model of chronic neurodegenerative disease.
Although the Hsp27 transprotein did not show beneficial effects when overexpressed in R6/2 mice, we know that it is capable of functional activation against various insults. The same tgHsp27 mice have previously been shown to be protected against kainate-induced seizures and neurodegeneration (41) , ischaemia/reperfusion heart injury (42) and nerve injury (43) . In all cases, these disease models are induced by an acute insult. In contrast, our data suggest that the chronic expression of an aggregation prone protein, shown to induce ROS formation, is either not capable of activating Hsp27 or maintaining this activation. Such expression also fails to activate the protective heat-shock response (21), despite causing decrease in chaperone levels (28) and loss of metastable proteins (67) . It is possible that slow incremental accumulation of protein damage in misfolding disease models, as opposed to a high flux of damaged proteins in acute stress models, is either not detected by cellular stress response mechanisms or induces tolerance.
It would seem that the mouse can tolerate the long-term overexpression of Hsp27, as we did not observe overt detrimental effects, only a subtle change in exploratory activity. It is possible that a mammalian in vivo system cannot tolerate chronic activation of Hsp27 and the cellular protein networks equilibrate to accommodate the overexpression of this protein.
Furthermore, if constitutive overexpression of Hsp27 perturbs cellular homeostasis, its inability to be protective may be generally applicable to other mouse models of neurodegenerative disease. Alternatively, we cannot rule out two other possibilities. First, as oxidative damage is not a primary pathogenic event in the R6/2 mice, other disease-related cellular dysfunctions may prevent Hsp27 activation in response to ROS. Secondly, acute stressors may not require high molecular weight oligomers (the species required to reduce ROS formation and oxidative damage), and the small molecular weight species observed in the mouse brains may be effective in these paradigms.
Although constitutive or transient overexpression of individual Hsps has been relatively successful in ameliorating disease phenotypes in cell-based, in vitro and invertebrate models of polyglutamine disease (19 -23,68) in general, this has not translated to mammalian systems. For example, overexpression of Hsp70 had only very mild effects in mouse models of HD (28, 29) and spinocerebellar ataxia type 1 (69) . One reason for this may be that levels of Hdj1 and Hdj2, co-factors of Hsp70, are decreased in the R6/2 (28) and HdhQ150 knock-in (70) mouse models of HD, which are important for Hsp70 chaperone activity. Similarly, overexpression of yeast Hsp104 in an HD mouse model had Representative Oxyblot of brains from 13-week-old mice using an anti-2,4-DNP-hydrazone antibody specific for derivatized protein carbonyls in brain lysates. M, protein molecular weight standard marker and positive control for protein carbonylation; 2, negative control ¼ non-derivatized R6/2 lysate. a-Tubulin was used to confirm equal protein loading. (C and D) Quantification of protein carbonylation using Oxyblots. Total brain lysates of 8-and 13-week-old mice were derivatized (n ¼ 4 and n ¼ 6, respectively, per genotype). Proteins are oxidatively modified in 13-week R6/2 mice (D), and Hsp27 overexpression does not suppress this damage in the double transgenic brain. There is a significant 2-fold increase in protein carbonylation levels in both R6/2 and double transgenic brain compared with wt at week 13 (P , 0.01, Bonferroni multiple comparisons test), whereas no obvious differences were found between R6/2 and double transgenics and wt at week 8. WT, wild-type; R6/2 Â tgHsp27, double transgenic mice. modest effects on inclusion formation and survival, but did not improve the overall disease phenotype (31). Hsp70 had more pronounced beneficial effects in mouse models of spinal and bulbar muscular atrophy (SBMA), but as the androgen receptor is retained in the cytoplasm in a complex with Hsp70, this may be due to a specific mechanism (71) .
Alternatively, the failure of an individual chaperone overexpression to be beneficial could reflect the requirement for a finely balanced concerted action of several chaperone systems, along with the ability to up-or down-regulate their levels in response to specific cellular requirements. A better strategy might be to target the regulators of the stress-induced chaperone response, thereby coordinately inducing many chaperones with distinct and complimentary cytoprotective functions. Heat-shock factor 1 (HSF1) is a master transcriptional regulator of stress-inducible gene expression and has been shown to modify polyQ aggregation and toxicity in C. elegans (72) . Bioactive small molecules that activate HSF1 have been reported (17) . Of these, compounds that activate HSF1 by binding to Hsp90 have been shown to modify polyQ aggregation and/or toxicity in cell culture (73) and organotypic brain slice culture models (28) . Two compounds, geranylgeranylacetone and 17-allylamino-17-demethoxygeldanamycin (17-AAG), have been reported to ameliorate the phenotype and/or protein aggregation in an SBMA mouse model (74, 75) . However, 17-AAG has poor blood brain barrier permeability (76) and does not induce the heat-shock response when administered systemically to R6/2 mice (unpublished data). The development of mice that express activated mutants of HSF1 with temporally controlled gene expression would complement pharmacological approaches and be useful for the validation of HSF1 as a therapeutic target for HD and other neurodegenerative diseases. In support of this, R6/2 mice have been crossed to mice transgenic for a constitutively active mutant HSF1, which, although not expressed in the CNS, led to increased body weight, survival and reduced polyQ inclusion formation in muscle (30) .
We have recently shown that the chronic expression of mutant polyQ, an aggregation prone protein, progressively disturbs the protein-folding homeostasis (67) affecting multiple cellular pathways. Attempts to counteract pathogenic alterations by the overexpression of a single chaperone protein may be futile. All chaperones have many cellular functions and when chronically overexpressed, may have deleterious as well as beneficial consequences and cause the protein networks to further adjust to neutralize potentially damaging effects. In support of this, oxidative damage did not activate Hsp27 into large oligomeric complexes in the R6/2 mouse in vivo. As recent papers have highlighted the importance of oxidative damage in HD (77, 78) , efforts to test the effects of reducing ROS formation on HD pathogenesis should still be pursued.
MATERIALS AND METHODS

Mouse maintenance and breeding
Hemizygous R6/2 mice (5) [available from the Induced Mutant Resource, Jackson Laboratory, Bar Harbor, ME, USA, code B6CBA-TgN (HDexon1)] were bred and reared in our colony by backcrossing R6/2 males to (CBA Â C57BL/6) F1 females (B6CBAF1/OlaHsd, Harlan Olac, Bicester, UK). On arrival at our facility, the TgHsp27 mice (41) were on a C57Bl/10 Â CBA/Ca background and once at KCL were also maintained by backcrossing to (C57Bl/6 Â CBA) F1 females. All animals had unlimited access to water and breeding chow (Special Diet Services, Witham, UK), and housing conditions and environmental enrichment were as previously described (44) . In the case of mice arising from the R6/2 Â TgHsp27 cross, all cages contained at least one mouse from each genotype and mice were additionally given mash consisting of powdered chow mixed with water from 12 weeks of age. Mice were subject to a 12-h light/dark cycle. Experimental procedures followed protocols according to Home Office regulations.
Genotyping
R6/2 mice were identified prior to weaning by PCR of tail-tip DNA (44) , and the CAG repeat size was determined as previously described (79) . TgHsp27 mice were genotyped as follows: a 25 ml reaction contained 2 ml tail-tip DNA (100 ng/ml), 0.5 ml 10 mM dNTPs, 2.5 ml Promega Buffer, 0.5 ml (of 50 mM stock) forward primer 'HCMV-F' Sequence (5 0 -3 0 ): TGACGTCAATGGGTGGACTA, 0.5 ml reverse primer 'BCA-R' Sequence (5 0 -3 0 ): TCACCTCGACCCATGG-TAAT, 0.25 ml Promega Taq (5 U/ml), 1.5 ml 25 mM MgCl 2 and 17.25 ml ddH 2 O. Cycling conditions were as follows: 948C, 2 min, 33 Â (948C, 60 s; 508C, 60 s; 728C, 45 s) and 728C, 2.5 min.
Behavioural assessment
Motor coordination was assessed using an Ugo Basile 7650 accelerating RotaRod (Linton Instrumentation, UK), modified as previously described (44) . At 4 weeks of age, mice were tested on four consecutive days, with three trials per day. At 8, 11, 13 and 15 weeks of age, mice were tested on three consecutive days with three trials per day (n ¼ 15 each per genotype). All mice were weighed weekly to the nearest Figure 5 . Hsp27 does not alter the appearance of inclusion bodies in the brain of 3-week-old R6/2 mice. Representative light microscopy images of sections of brains from mice at 3 weeks of age immunostained with the S830 N-terminal huntingtin antibody. No obvious difference in inclusion formation was detected between the CA1 region of the hippocampus of R6/2 (A) and double transgenic mice (B). Aggregate load is even less pronounced at this age in the striatum compared with the hippocampus, and again no marked difference was seen between the striatum of R6/2 and double transgenics (data not shown). Sections were counterstained with methyl green. Scale bar ¼ 1 mm.
0.1 g. Forelimb grip strength was measured once a week from 4 to 15 weeks (n ¼ 15 per genotype) using a San Diego Instruments Grip Strength Meter (San Diego, CA, USA) as described (44) . Exploratory, spontaneous motor activity was recorded and assessed once a week from 4 to 15 weeks of age for 60 min during the day using AM1053 activity cages, as described previously (45) . Briefly, activity (total number of beam breaks in the lower level), mobility (at least two consecutive beam breaks in the lower level), rearing (number of rearing beam breaks) and centre rearing (number of rearing beam breaks which occurred away from the cage walls) were analysed. The data were collected and analysed as described previously (45) .
Antibodies and western immunoblotting
Mouse brains were rapidly frozen in liquid nitrogen and stored at 2808C. Hemispheres were homogenized in 800 ml lysis buffer (50 mM Tris -HCl pH 8.0, 10% glycerol, 5 mM EDTA, 150 mM KCl) containing a cocktail of complete protease inhibitors (Boehringer Mannheim) with or without phosphatase inhibitor cocktail I and II (Sigma) using a dounce homogenizer and then sonicated for 3 Â 30 s on ice (amplitude 40, Vibracell sonicator). Total protein concentration was quantified by using the bicinchoninic (BCA) Protein Assay Reagent Kit (Perbio) according to the manufacturer's instructions. Samples were mixed with gel-loading buffer and were boiled for 3 min prior to loading on a 12% SDS -PAGE gels (10 -20 mg per well). Proteins were transferred onto Protran nitrocellulose membranes (Schleicher and Schuell) using a Bio-Rad transfer apparatus, and the membranes were blocked for 1 h at room temperature using 4% non-fat dried milk in phosphate-buffered saline (PBS) and then incubated with gentle agitation for 1 h at room temperature with the primary antibody diluted in PBS containing 0.5% non-fat dried milk (anti-Hsp27 goat polyclonal, Santa Cruz, 1:1000; anti-a-tubulin mouse monoclonal, Sigma, 1:2500). For chemiluminescent detection, blots were washed three times in PBS with 0.2% Tween-20 and probed with horseradish peroxidase (HRP)-linked secondary antibodies (Dako) diluted 1:3000 in 4% non-fat dried milk for 1 h at room temperature. Protein was detected by chemiluminescence (ECL kit, Amersham Biosciences) according to the manufacturer's instructions. For protein quantification, blots were probed with an Alexa 488-conjugated anti-goat secondary antibody (diluted 1:1000, Molecular Probes) and incubated for 1 h at Figure 6 . Hsp27 exists predominantly in an inactive low molecular weight form in brains of double transgenic mice, whereas it can be activated and form large oligomers upon heat-shock treatment. (A) Native protein gel analysis was performed with brain lysates of 13-week-old mice from the cross. Symbol plus indicates heat-shock treatment of lysate and minus indicates no treatment. Heat shock leads to formation of active large oligomeric complexes of Hsp27 with nonnative substrates seen on the top of the gel. Prior to heat shock, tgHsp27 or double transgenic brain lysates contain predominantly low molecular weight, inactive oligomers, which shift to larger active species upon heat shock. (B) Mouse embryonic stem (MES) cell lysate or buffer alone was mixed with recombinant Hsp27, þ/2 heat shock. Note the molecular weight shift of Hsp27 upon heat shock only occurs in the presence of heat-denatured protein in the cell lysate and not in the presence of buffer alone. (C) Representative 7.5% gel used to precisely size the small oligomeric species. 1 ¼ wt, 2 ¼ tgHsp27, 3 ¼ R6/ 2 Â tgHsp27. Figure 7 . Co-immunoprecipitation of Hsp27 with endogenous mouse huntingtin. The S830 anti-huntingtin antibody was used to immunoprecipitate huntingtin from brain lysates, and the precipitate was fractionated on 12% SDS-PAGE gels and immunoblotted with an antibody raised against Hsp27. The non-specific bands at 55 and 25 kDa are the heavy and light IgG chains, respectively. Hsp27 has been co-immunoprecipitated with huntingtin in lysates from both the tgHsp27 and double transgenic mice. This suggests that it has co-immunoprecipitated with endogenous mouse huntingtin rather than with the R6/2 mutant exon 1 huntingtin protein.
room temperature and then washed three times with PBS in the dark. A Typhoon 9200 PhosphorImager (Amersham Biosciences) was used for signal detection, and band intensities were calculated using ImageQuant w software (Molecular Dynamics).
The Oxyblot TM protein oxidation detection kit (S7150, Chemicon International, Temecoula, CA, USA) was used following precisely the manufacturer's instructions. Protein lysates (5 mg) were electrophoresed on 12% SDS -PAGE gels, followed by protein transfer on nitrocellulose membranes as described earlier. Protein oxidation levels were quantified using a Bio-Rad GS-800 Calibrated Densitometer using Quantity-One w Software.
Native protein gel analysis
For native protein gel electrophoresis, mouse brain hemispheres were homogenized with a pestle, proteins were extracted on ice in PELE sample buffer (20 mM Tris -HCl pH 7.4, 5 mM MgCl 2 , 0.5% Triton X-100, 10 mM NaF, 1 mM dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin, 1 mM pepstatin, 10% glycerol) and lysates centrifuged at 3000g. Supernatants were resolved on 7.5 or 5% acrylamide gels in the Laemmli gel system without SDS (80) . Thyroglobulin (660 kDa), ferritin (440 kDa) and catalase (232 kDa) were used as molecular weight standards on 5% gels and urease h (545 kDa), urease t (272 kDa), BSA d (132 kDa) and BSA m (66 kDa) on the 7.5% gels. To transfer native proteins, the gels were incubated for 30 min at 708C in Tris-glycine buffer (25 mM Tris, 192 mM glycine) supplemented with 0.25% SDS before electroblotting. An aliquot of 2 ng (0.1 mg/ml final concentration) of recombinant protein was used per treatment. MES cell lysate was prepared from 10 cm confluent plates as described for brain extracts. An aliquot of 20 mg of total protein was run per lane, and two mice per genotype were used. For heat-shock experiments, samples were diluted to 1 mg/ml in PELE buffer and treated at RT or 458C for 15 min.
Co-immunoprecipitation experiments
Mouse brains were rapidly frozen in liquid nitrogen and stored at 2808C. Half brains were homogenized in 1 ml sodium phosphate buffer (20 mM NaPO4 pH 7.4, 1% SDS) with 'complete' protease inhibitors (GibcoBRL), 1 mM PMSF and 1 mM DTT. Samples were centrifuged at 2500g for 15 min at 48C and sonicated for 2 Â 30 s on ice (amplitude 40) (Vibracell sonicator). IP-buffer (50 mM Tris -HCl pH 7.4, 100 mM NaCl, 15 mM EDTA, 1% Triton X-100, 10% glycerol with 'complete' protease inhibitors, 1 mM PMSF, 1 mM DTT) was added to the supernatant to a final volume of 5 ml and lysates were precleared by incubation with protein A -and protein G -Sepharose agarose (Invitrogen) for 1 h at 48C. The cleared lysate was subjected to immunoprecipitation with the addition of 1 mg of anti-S830 in a total volume of 5 ml overnight at 48C. After incubation, protein A -and protein G -Sepharose agarose beads were added for 2 h before being washed four times with IP-buffer. The final protein agarose pellets were speed-vac dried, resuspended in two times Laemmli loading buffer and the immunoprecipitated complexes were eluted by boiling in loading buffer. Protein samples were fractionated on 12% SDS -PAGE gels and blotted onto Protran nitrocellulose membrane (Schleicher and Schuell) by submerged transfer apparatus (Bio-Rad) in transfer buffer (25 mM Tris, 192 mM glycine and 20% v/v methanol). Membranes were blocked for 1 h at RT in 4% non-fat dried milk in PBS, 0.2% Tween-20 (PBST) and incubated with gentle agitation for 1 h at RT with anti-Hsp27 (1:1000) and mAb (Santa Cruz, Inc) in PBST with 0.5% non-fat dried milk. Blots were washed three times in PBST, probed with HRP-linked anti-goat secondary antibody (1:3000) (DAKO) in PBST with 0.5% non-fat dried milk for 1 h at RT and washed three times in PBST. Protein was detected by chemiluminescense (ECL kit, Amersham Biosciences) according to the manufacturer's instructions.
Immunohistochemical analysis
Mouse brains to be used for cryosectioning were carefully dissected and frozen in isopentane on dry ice. Coronal sections were cut at 15 mM thickness using a cryostat (Bright Instruments, Ltd, UK), fixed in 4% paraformaldehyde for 30 min and treated as previously described (81) . S830 antibody (sheep polyclonal) was used at a dilution of 1:2000 and a biotinylated secondary horse anti-goat antibody was used at 1:500 (Vector laboratories). Brain sections were viewed on a Zeiss light microscope and images were captured using an Axiocam, with the help of the Zeiss Axiovision software.
Aconitase assay
Striata were carefully dissected from mouse brains, frozen in liquid nitrogen and stored at 2808C. Aconitase activity was measured as described previously (15, 82) .
Statistical analysis
Repeated measures GLM, one-way and two-way analysis of variance (ANOVA, for behavioural studies) and Bonferroni multiple comparisons test (Oxyblots) were performed using SPSS. The Greenhouse -Geisser correction for non-sphericity was applied to all repeated measures statistics. Student's t-test (protein quantification) and the Mann -Whitney U test (aconitase assay) were performed in Excel.
